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ABSTRACT
Context. Astronomers recently started discovering exoplanets around binary systems. Therefore, understanding the formation and
evolution of circumbinary disks and their environment is crucial for a complete scenario of planet formation.
Aims. The purpose of this paper is to present the detection of a circumbinary disk around the system Oph-IRS67 and analyse its
chemical and physical structure.
Methods. We present high-angular-resolution (0′′.4, ∼60 AU) observations of C17O, H13CO+, C34S, SO2, C2H and c−C3H2 molecular
transitions with the Atacama Large Millimeter/submillimeter Array (ALMA) at wavelengths of 0.8 mm. The spectrally and spatially
resolved maps reveal the kinematics of the circumbinary disk as well as its chemistry. Molecular abundances are estimated using the
non-local thermodynamic equilibrium (LTE) radiative-transfer tool RADEX.
Results. The continuum emission agrees with the position of Oph-IRS67 A and B, and reveals the presence of a circumbinary disk
around the two sources. The circumbinary disk has a diameter of ∼620 AU and is well traced by C17O and H13CO+ emission. Two
further molecular species, C2H and c−C3H2, trace a higher-density region which is spatially offset from the sources (∼430 AU).
Finally, SO2 shows compact and broad emission around only one of the sources, Oph-IRS67 B. The molecular transitions which trace
the circumbinary disk are consistent with a Keplerian profile on smaller disk scales (. 200 AU) and an infalling profile for larger
envelope scales (& 200 AU). The Keplerian fit leads to an enclosed mass of 2.2 M. Inferred CO abundances with respect to H2 are
comparable to the canonical ISM value of 2.7 × 10−4, reflecting that freeze-out of CO in the disk midplane is not significant.
Conclusions. Molecular emission and kinematic studies prove the existence and first detection of the circumbinary disk associated
with the system Oph-IRS67. The high-density region shows a different chemistry than the disk, being enriched in carbon chain
molecules. The lack of methanol emission agrees with the scenario where the extended disk dominates the mass budget in the inner-
most regions of the protostellar envelope, generating a flat density profile where less material is exposed to high temperatures, and
thus, complex organic molecules would be associated with lower column densities. Finally, Oph-IRS67 is a promising candidate for
proper motion studies and the detection of both circumstellar disks with higher-angular-resolution observations.
Key words. ISM: individual objects (Oph-IRS67) – ISM: molecules – stars: formation – protoplanetary disks – astrochemistry
1. Introduction
Low-mass star formation takes place within dense cold molec-
ular clouds, where individual cores collapse due to gravity. Be-
cause of the initial core rotation, conservation of angular mo-
mentum will lead to the formation of a circumstellar disk around
the young stars. The angular momentum is transferred to the
outer regions of the disk and moved outward by energetic out-
flows, sweeping away material from the envelope. In the earliest
stages, the young source is deeply embedded in its infalling en-
velope of cold gas and dust, obscuring the radiation from the
central star. As the system evolves, the envelope dissipates, re-
vealing the pre-main sequence star and the circumstellar disk.
The properties and evolution of these disks are crucial for the
final mass of the host star and the initial conditions of planetary
systems.
Within the envelope, the large variations in temperature (tens
to hundreds of K) and density (105–109 cm−3) leave strong
chemical signatures that can potentially be observed directly,
thus making these systems interesting laboratories for astro-
chemical studies (e.g. Jørgensen et al. 2004). Since individual
molecular transitions are enhanced at specific temperatures and
densities, their emission (and/or absorption) reveals the peculiar-
ities and characteristics of the gas and can be used to reveal the
physical structure and evolution of the young protostar (when
the chemistry is taken into account).
While the overall framework of low-mass star formation is
well accepted nowadays, the details are significantly more com-
plex, particularly when the formation of binary and/or multi-
ple systems is considered (e.g. Tobin et al. 2016). Circumstellar
disks have been detected around individual binary components,
as well as a circumbinary disk surrounding the system for Class
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I sources. Some cases show an alignment between the disks (e.g.
Dutrey 2015), while other systems consist of misaligned compo-
nents (e.g. Brinch et al. 2016; Takakuwa et al. 2017). For more
evolved systems, discrepancies are reported between disk sizes
inferred from observations in multiple systems and predictions
from tidal interaction models (e.g. Harris et al. 2012). Apart from
the physical structure, the chemical differentiation between the
younger Class 0 and the more evolved Class I multiple systems
provides information about the evolution of important parame-
ters, such as temperature and density. Consequently, more ob-
servations are needed in order to understand the complexity of
binary and multiple systems.
With the high angular resolution of the Atacama Large
Millimeter/submillimeter array (ALMA), smaller scales (.10–
50 AU) can be resolved towards nearby star-forming regions,
providing very detailed observations of the environments in
which stars form. One of the closest star-forming regions is the
Ophiuchus molecular cloud (Wilking et al. 2008), characterised
by a high visual extinction (AV) of between 50 and 100 mag-
nitudes, and a high number of solar-type young stellar objects
(YSOs) in different evolutionary stages (Wilking et al. 2008).
Ophiuchus is therefore one of the most important regions for
studies of the star formation process and early evolution of
young stars.
One of the particularly interesting YSOs in Ophiuchus is the
proto-binary system IRS67AB, located in the L1689 part of the
cloud. This source is also known as L1689SAB and WLY2-67.
The distance to IRS67AB and L1689 were recently determined
through proper motion and trigonometric parallax measurements
by Ortiz-León et al. (2017). The distance was determined to
be 147.3 ± 3.4 pc to L1689 as a whole and 151.2 ± 2.0 pc to
IRS67AB specifically; in this paper, we adopt the latter.
IRS67AB was associated with a large-scale outflow struc-
ture (& 1000 AU), detected in CO J=2−1 emission by Bontemps
et al. (1996), and was also surveyed at infrared and other wave-
lengths as part of the Spitzer Space Telescope c2d legacy pro-
gram (Evans et al. 2009). In that survey, the source was asso-
ciated with a bolometric temperature (Tbol) of 130 K, bolomet-
ric luminosity (Lbol) of 4.0 L, infrared spectral index (αIR) of
1.39 and visual extinction of 9.8 magnitudes, all characteristics
of embedded Class I young stellar objects. Later, McClure et al.
(2010) proved the binary nature of the system (L1689S-A and
L1689S-B in their work), through infrared observations, calcu-
lated a separation of 0.6′′ (∼90 AU) between the two sources,
and identified sources A and B as a disk and envelope candidate,
respectively.
In this paper, we present ALMA observations of Oph-
IRS67AB. The study of this binary system demonstrates the
complexity of protoplanetary disk formation and evolution (both
circumstellar and circumbinary), from an observational point of
view. Section 2 describes the observational procedure, data cali-
bration, and covered molecular transitions. In Sect. 3, we present
the results, highlighting the detection of the circumbinary disk
and the chemical diversity of the system. Section 4 is dedicated
to the analysis of the data, where dust and gas masses are cal-
culated, and different velocity profiles are considered for the cir-
cumbinary disk. In addition, relative molecular abundances are
estimated in order to compare them with values associated with
a younger system. We discuss the structure and kinematics of
the whole system, and the temperature profile of the circumbi-
nary disk in Sect. 5. Finally, we end the paper with a summary
in Sect. 6.
2. Observations
IRS67 was observed with ALMA on four occasions between
2015 May 21 and June 5 as part of a larger program to survey
the line and continuum emission towards 12 Class I protostars in
Ophiuchus (program code: 2013.1.00955.S; PI: Jes Jørgensen).
At the time of the observations, 36 antennas were available in
the array (37 for the June 5 observations) providing baselines
between 21 and 556 metres (784 metres for the June 5 observa-
tions). Each of the four sessions provided an on-source time of
43 minutes in total for the 12 different sources (i.e. each source
was observed for approximately 15 minutes in total)
The observations targeted five different spectral windows and
the choice of species has been made specifically to trace differ-
ent aspects of the structure of protostars. For example, the lines
of C17O, H13CO+ and C34S are optically thin tracers of the kine-
matics of disk formation, while SO2 and CH3OH are expected
to trace the warm chemistry in the inner envelope or disk. Two
spectral windows consist of 960 channels, each with 122.07 kHz
(0.11 km s−1) spectral resolution centred on C17O J=3−2 and
C34S J=7−6, while the other three contain 1920 channels each
with 244.14 kHz (0.22 km s−1) spectral resolution centred on
H13CO+ J=4−3, the CH3OH Jk=7k−6k branch at 338.4 GHz and
the CH3CN 14−13 branch at 349.1 GHz. The latter two organic
molecules are not detected towards IRS67, but instead the two
settings pick up SO2, C2H, and c−C3H2 transitions. The spec-
tral setup and covered molecular transitions are summarised in
Table 1.
The calibration and imaging were done in CASA1 (Mc-
Mullin et al. 2007): the complex gains were calibrated through
observations of the quasars J1517-2422 and J1625-2527, pass-
band calibration on J1924-2914 and flux calibration on Titan.
The resulting dataset has a beam size of 0′′.44 × 0′′.33, a con-
tinuum rms level of 0.4 mJy beam−1 and a spectral rms level of
10 mJy beam−1 per channel. The channel width can be 0.11 or
0.22 km s−1, depending on the spectral window (see Table 1).
3. Results
3.1. Continuum emission
Figure 1 shows the submillimetre continuum emission toward
Oph-IRS67, where two peaks are detected toward the A and B
sources plus a fainter disk-like structure. Oph-IRS67B is brighter
than Oph-IRS67A (155 vs. 30 mJy) and was identified by Mc-
Clure et al. (2010) as a binary companion at infrared wave-
lengths. The disk-like structure has a deconvolved continuum
size of (4′′.1 ± 0′′.2) × (0′′.82 ± 0′′.05) or (620 ± 20 AU) × (124
± 7 AU), and a position angle (PA) of 54◦± 1◦, measured from
north to east. Assuming a toy model for a thin and circular struc-
ture, an inclination of ∼ 80◦ (i = 0◦ for face-on and i = 90◦ for
edge-on) is found by fixing the major and minor axis values of
the deconvolved continuum size.
The position and integrated flux of each source are obtained
by fitting two-dimensional (2D) Gaussians to both peaks and are
listed in Table 2. The position of the geometric centre is also cal-
culated, by taking the middle point between both sources. The
separation between sources A and B is 0′′.71 ± 0′′.01 (107 ±
2 AU). All the figures and calculations in this work are shown
relative to the geometric centre, and relative to the system veloc-
ity (VLSR) of 4.2 km s−1 (Lindberg et al. 2017). The red diamond
in Fig. 1 represents the position of an offset region, that may be
1 http://casa.nrao.edu/
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Table 1. Spectral setup and parameters of the detected molecular transitions.
Spectral window Frequency range Spectral resolution Molecular transition Ai j a Eu a ncrit b
[GHz] [km s−1] [s−1] [K] [cm−3]
spw 1a 337.002−337.119 0.11 C17O J=3−2 2.3 × 10−6 32.3 3.5 × 104
spw 1b 337.337−337.454 0.11 C34S J=7−6 8.4 × 10−4 50.2 1.3 × 107
spw 2 338.165−338.634 0.22 c−C3H2 55,1−44,0 (para) 1.6 × 10−3 48.8 1.2 × 108
SO2 184,14−183,15 3.3 × 10−4 196.8 5.9 × 107
SO2 201,19−192,18 2.9 × 10−4 198.9 3.8 × 107
spw 3 346.880−347.115 0.11 H13CO+ J=4−3 3.3 × 10−3 41.6 8.5 × 106
spw 4 349.165−349.634 0.22 c−C3H2 55,0−44,1 (ortho) 1.6 × 10−3 49.0 1.3 × 108
C2H N=4−3, J=9/2−7/2, F=5−4 1.3 × 10−4 41.9 2.2 × 107
C2H N=4−3, J=9/2−7/2, F=4−3 1.3 × 10−4 41.9 2.3 × 107
C2H N=4−3, J=7/2−5/2, F=4−3 1.2 × 10−4 41.9 1.7 × 107
C2H N=4−3, J=7/2−5/2, F=3−2 1.2 × 10−4 41.9 1.8 × 107
Notes. (a) Values from the CDMS database (Müller et al. 2001). (b) Calculated values for a collisional temperature of 30 K and collisional rates
from the Leiden Atomic and Molecular Database (LAMDA; Schöier et al. 2005). The collisional rates of specific species were taken from the
following works: C17O from Yang et al. (2010), C34S from Lique et al. (2006), c−C3H2 from Chandra & Kegel (2000), SO2 from Balança et al.
(2016), H13CO+ from Flower (1999) and C2H from Spielfiedel et al. (2012).
associated with a high-density region, and is discussed in more
detail in Sect. 3.2.1.
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Fig. 1. Continuum emission above 4σ (σ = 0.4 mJy beam−1) in colour
scale and specific values of 7 and 15σ in white contours. The synthe-
sised beam is represented by the black filled ellipse. The grey solid
and dashed arrows cross at the geometric centre and they represent the
direction of and perpendicular to the disk-like structure, respectively.
The green and white stars show the positions of Oph-IRS67A and Oph-
IRS67B, respectively. The red diamond denotes the location of the offset
region.
3.2. Molecular emission
Table 1 contains the parameters of the detected molecular tran-
sitions. The original proposal aimed at detecting the CH3OH
Jk=7k–6k branch, but no significant emission above 3σ is ob-
served. In the case of C2H, the four lines compose two pairs of
hyperfine splittings of two rotational levels. Since both hyper-
fine transitions in each pair are very close to one another, the
C2H transitions are labelled as N=4−3, J=9/2−7/2 and N=4−3,
J=7/2−5/2. All the listed species are detected towards at least
one of the following regions: source A, source B, the disk-like
structure or a region spatially offset from the system (∼430 AU
from the geometrical center), located South-West from the con-
tinuum emission (red diamond in Fig. 1).
3.2.1. Moment maps
Figures 2 and 3 present the integrated emission (moment 0) and
the velocity field (moment 1) for C17O, H13CO+, C34S, the two
doublets of C2H, both transitions of c−C3H2, and SO2. In mo-
ment 0 maps, the continuum emission from Fig. 1 correspond-
ing to 4 and 15σ contours is also plotted. C17O is tracing the
disk-like structure, with a strong correlation with the contin-
uum emission and its integrated intensity peaks at the position
of source B. The H13CO+ emission is very intense in the prox-
imity of both sources, showing an S-shape correlated with the
continuum emission, and is enhanced in the offset region. C34S
peaks in isolated regions away from both sources and part of
the emission lies beyond the continuum emission. The lines of
C2H display the most extended emission and their integrated in-
tensity dominates in the offset region. The North-East emission
presents a curved shape beyond the continuum emission, while
the South-West region is almost completely dominated by C2H
emission. Close to the protostars, the C2H integrated intensity
is below 5σ. Both c−C3H2 transitions show extended emission
only in the vicinity of the offset region and are anti-correlated
with the continuum emission. SO2 shows compact emission only
toward source B, where the continuum emission peaks. The ve-
locity ranges in Figs. 2 and 3 are chosen to bring forward the
disk-like structure. For a detailed comparison of the more quies-
cent gas associated with the individual protostars, see the chan-
nel maps in Figs. A.1, A.2 and A.3 in Appendix A.
The offset region shows strong emission of the two c−C3H2
transitions. Since these two transitions are associated with high
critical densities (ncrit = 1.2 × 108 and 1.4 × 108 cm−3; see Ta-
ble 1), the offset region is henceforth referred to as the high den-
sity region.
The moment 1 maps in Figs. 2 and 3 show the existence
of a velocity gradient and suggest an approximately edge-on
and flat morphology for the disk-like structure, with the blue-
shifted emission arising from the South-West region and the red-
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Table 2. Position and continuum fluxes of the system.
αJ2000 δJ2000 Integrated flux
[mJy]
Oph-IRS67A 16h32m00.989s ± 0.001s −24◦56′42.75′′ ± 0.01′′ 30 ± 3
Oph-IRS67B 16h32m00.978s ± 0.001s −24◦56′43.44′′ ± 0.01′′ 155 ± 4
Geometric center 16h32m00.983s ± 0.001s −24◦56′43.09′′ ± 0.01′′ —
shifted emission emerging from the North-East area. In addi-
tion, the high-density region only shows blue-shifted emission
with no red-shifted counterpart, and its emission peaks around
2 km s−1. SO2 emission shows a velocity gradient toward source
B (PA ≈ 30◦), misaligned with the gradient seen for the other
detected lines (PA ≈ 54◦). This orientation difference may reveal
that a possible circumstellar disk around source B is misaligned
with respect to the disk-like structure, if SO2 is tracing circum-
stellar disk material, or SO2 may be tracing accretion shocks and
thus, related with infalling motion.
3.2.2. Spectra
Figure 4 shows the spectra of C17O, H13CO+, C34S, C2H and
both c−C3H2 transitions towards the positions of source B,
source A, and the high density region. Each spectrum was ex-
tracted over 1 pixel, that is, 0′′.1 × 0′′.1. At the position of
source B, C17O shows a central component with two clear peaks
at higher velocities (between −8 and −4 km s−1 and +4 and
+8 km s−1), H13CO+ peaks near VLSR with a wing morphol-
ogy that extends over positive velocities, and both C2H doublets
present two peaks, related with each hyperfine transition. C34S
and both c−C3H2 transitions are not detected towards source
B. Source A is associated with narrower lines from C17O and
H13CO+, showing only a central component, and a weaker con-
tribution from C2H. As for source B, C34S and c−C3H2 are
not detected towards source A. The high-density region presents
weaker emission of C17O and H13CO+, where both lines peak at
−1.7 km s−1. The two C2H doublets show intense and broader
lines, and both c−C3H2 transitions are enhanced in this region.
Observing the emission of C17O and H13CO+ over both sources,
the peak in the spectra associated with Oph-IRS67B appears
slightly blue-shifted (Fig. 4a and d) with respect to VLSR, while
Oph-IRS67A shows a red-shifted displacement (Fig. 4b and e).
Figure 5 shows part of the spectral window number 2 to-
ward the position of source B and source A, where the rest fre-
quencies of SO2 and CH3OH are indicated. SO2 transitions are
only seen towards source B and show broad emission (from −8
to 10 km s−1), with an intense blue-shifted component and a
weaker red-shifted one. One of the CH3OH Jk=7k–6k transitions
falls close to a SO2 line (Fig. 5a), but since no other lines in the
CH3OH branch are seen, including the lower excitation transi-
tions, the line can clearly be attributed to SO2.
3.2.3. Channel maps
Contour maps for C17O integrated over five different veloc-
ity ranges are shown in Fig. 6. The panels are divided into
low velocities (−1 to 1 km s−1), intermediate velocities (−5
to −1 km s−1 and 1 to 5 km s−1) and high velocities (−10 to
−5 km s−1 and 5 to 10 km s−1). H13CO+, C34S, C2H and c−C3H2
only show intermediate- and low-velocity components, thus,
contour maps associated with these species are taken for three
ranges of velocities (Fig. 7). SO2 shows a broad and double-
peaked spectrum associated with blue- and red-shifted compo-
nents (see Fig. 5a), therefore, the spectrum is fitted by a two-
component Gaussian and the velocity ranges used for the chan-
nel maps of Fig. 8 are associated with the FWHM of the blue-
and red-shifted components.
At low velocities, C17O and H13CO+ appear to be centred
around both sources. C34S presents isolated peaks closer to
source B, while C2H dominates the central and Southern regions.
A lack of emission at low velocities is seen for both c−C3H2
transitions.
At intermediate velocities, C17O and H13CO+ show some
symmetry with respect to Oph-IRS67B. C34S presents an S-
type morphology and enhanced emission far away from the bi-
nary system, while C2H shows the most extended emission and
the blue-shifted emission dominates over a wider region than
the red-shifted one. Both c−C3H2 transitions show the same
behaviour, with intermediate blue-shifted velocities tracing the
high-density region and no red-shifted counterpart.
High velocities are associated with C17O and SO2, show-
ing compact emission only around Oph-IRS67B. C17O blue- and
red-shifted emission are strongly symmetric around the source,
while the blue component associated with SO2 stands out over
the red one and is concentrated around the source.
4. Analysis
4.1. Velocity profiles
C17O and H13CO+ are the best candidates for studying the ve-
locity profile of the disk-like structure through position-velocity
(PV) diagrams, since they are correlated with the continuum
emission. The other species are not suitable for studying the ve-
locity profile of the disk-like structure, as they seem to be trac-
ing different material. C2H has an important contribution beyond
2′′ and may be tracing envelope material, while C34S is tracing
smaller regions from the outer parts of the disk-like structure,
and SO2 emission is unresolved within the beam size. On the
other hand, c−C3H2 is tracing the high-density region; its veloc-
ity profile is discussed in Sect. 4.1.2.
In order to obtain the velocity profiles, the peak emission for
each channel is obtained through the CASA task imfit. Two
fits are considered for high-velocity points (>1.7 km s−1): (i) a
Keplerian fit where 3 ∝ r−0.5 and (ii) an infalling fit where 3 ∝
r−1 (i.e. infalling motion where the angular momentum is con-
served). In all cases, the central (0,0) position corresponds to the
location of the geometric centre and the distance increase toward
the disk-like structure direction (PA = 234◦; grey solid arrow in
Fig. 1), assuming an inclination of 80◦.
4.1.1. Disk-like structure
The PV diagrams for C17O and H13CO+ are shown in Fig. 9.
Neither the Keplerian nor the infalling fit is representative of the
data, where the points with velocities greater than 3 km s−1 seem
to follow the Keplerian curve, while points with velocities be-
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Fig. 2. Moments 0 (left column) and 1 (right column) for C17O, H13CO+, C34S and the C2H N=4−3, J=9/2−7/2 doublet, above 5σ (σC17O
=15 mJy beam−1 km s−1, σH13CO+ = 10 mJy beam−1 km s−1, σC34S = 10 mJy beam−1 km s−1 and σC2H = 15 mJy beam
−1 km s−1). Each σ was
calculated using the following formula: σ = rms × ∆N × (N)0.5, where ∆N and N are the channel width and number of channels, respectively.
Black contours in moment 0 maps represent the continuum emission from Fig. 1, for values of 4 and 15σ. Black contours in moment 1 maps show
σ values of their respective moment 0 maps, being 10, 15 and 20σ for C17O and C2H, 10, 20 and 30σ for H13CO+, and 6 and 8σ for C34S. The
green and white stars indicate the position of Oph-IRS67A and B, respectively. The black diamond denotes the location of the offset region. The
synthesised beam for each species is represented by a black filled ellipse.
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Fig. 3. As in Fig. 2 but for the C2H N=4−3, J=7/2−5/2 doublet, both c−C3H2 transitions and SO2 184,14−183,15 (σc−C3H2 = 11 mJy beam−1 km s−1
and σSO2 = 25 mJy beam
−1 km s−1). For SO2, the emission is above 4σ. Black contours in moment 1 maps represent 10, 15 and 20σ for C2H, 6
and 8σ for c−C3H2, and 5 and 7σ for SO2. Panels g and h represent a zoomed-in region.
Article number, page 6 of 19
Elizabeth Artur de la Villarmois et al.: Chemistry of a newly detected circumbinary disk in Ophiuchus
0
0.1
0.2
C
17
O
J=
3
2
Oph-IRS67B
× 2 (a)
Oph-IRS67A
× 2 (b)
High density region
× 2 (c)
0
0.1
0.2
H
13
C
O
+
J=
4
3
(d) (e) (f)
0
0.1
0.2
C
34
S
J=
7
6
× 2 (g) × 2 (h) × 2 (i)
0
0.1
0.2
In
te
ns
ity
 [J
y 
be
am
1 ]
C
2H
N=
4
3,
J
=9
/2
7/
2 × 2 (j) × 2 (k) (l)
0
0.1
0.2
C
2H
N=
4
3,
J
=7
/2
5/
2 × 2 (m) × 2 (n) (o)
0
0.1
0.2
c
C
3H
2
5 5
,1
4 4
,0
× 2 (p) × 2 (q) × 2 (r)
-8 -4 0 4 8
0
0.1
0.2
c
C
3H
2
5 5
,0
4 4
,1
× 2 (s)
-8 -4 0 4 8
VLSR  Vsystem [km s 1]
× 2 (t)
-8 -4 0 4 8
× 2 (u)
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tween ∼ 2 and 3 km s−1 tend to follow the infalling curve. This
fact is highlighted by their reduced χ2 values, listed in Table 3.
For C17O both fits are associated with the same χ2red, while for
H13CO+ the Keplerian fit has a lower χ2red value than the infalling
one. This means that the goodness of the Keplerian fit is better
than the infalling fit, but neither of them can be discarded by this
PV analysis. However, the presence of low-velocity points (<
1.7 km s−1) that appear to follow a linear distribution is expected
for a Keplerian disk with finite radius (Lindberg et al. 2014).
This emission arises from the edge of the disk and is an unlikely
effect in the infall scenario, since the infalling material should
not have a sharp edge.
The Keplerian and infalling fits were also tested for the sce-
nario where the position of source B is used as the centre, re-
sulting in χ2red values higher than 10 for both fits. Therefore, the
material from the disk-like structure is not moving with respect
to either source, but with respect to some position between the
two.
The PV diagrams taken towards the direction perpendicu-
lar to the disk-like structure (PA = 324◦; grey dashed arrow in
Fig. 1) did not show significant emission beyond 1′′ (150 AU)
and no infall signatures were detected. This lack of emission
towards a perpendicular direction is consistent with Keplerian
rotation around the binary system at small scales.
The presence of a linear velocity profile for low velocities in
Fig. 9 and the lack of infalling signatures towards a perpendicu-
lar direction suggests that circumbinary disk is a reasonable la-
bel for the disk-like structure. Based on the Keplerian fit, the cir-
cumbinary disk is associated with a central mass of 2.2 ± 0.2 M.
4.1.2. High-density region
The PV diagram for c−C3H2 is shown in Fig. 10. In this case,
the goodness of the infalling fit is better than the Keplerian one,
with χ2red values of 2.4 and 4.6, respectively (Table 3). However,
Table 3. Central mass and χ2red values for the Keplerian and infalling fits
employed in Figs. 9 and 10.
Species Fit Central mass χ2red
[M]
Disk-like structure
C17O Keplerian 2.2 ± 0.2 3.3
Infalling 1.5 ± 0.2 3.3
H13CO+ Keplerian 2.2 ± 0.2 6.5
Infalling 1.5 ± 0.2 15.1
High-density region
c−C3H2 Keplerian 2.2 ± 0.2 4.6
Infalling 3.6 ± 0.3 2.4
the central mass associated with the infalling fit is 3.6 ± 0.3 M,
which is not consistent with the central mass of 2.2 ± 0.2 M
found from the Keplerian fit of C17O and H13CO+. This implies
that the c−C3H2 gas may not be following an infalling motion
around the geometric centre and another velocity profile has to
be considered for this molecular transition.
The high-density region may also be a separate object with
a different centre; however, if this were the case, we would ex-
pect compact continuum emission toward this region, contrary
to what we see. Thus, it is more likely that the high-density re-
gion is related to the inner envelope or ambient cloud, and not to
a third object.
4.2. Disk mass
The dust and gas masses are calculated from the continuum
emission (Fig. 1) and from the integrated intensity of C17O
J=3−2 (Fig. 2a), respectively. For both cases, the calculated
mass represents the entire system, i.e. both sources and the cir-
cumbinary disk contribution.
If the emission is optically thin, the total mass is
M =
S νd2
κνBν(T )
, (1)
where Sν is the surface brightness, d the distance to the source, κν
the dust opacity and Bν(T) the Planck function for a single tem-
perature. For typical parameters of the dust temperature (30 K)
and opacity at 0.87 mm (0.0175 cm2 per gram of gas; Ossenkopf
& Henning 1994), commonly used for dust in protostellar en-
velopes and young disks in the millimetre regime (e.g. Shirley
et al. 2011), the mass can be estimated as:
M0.87mm = 0.18 M
(
F0.87mm
1 Jy
) (
d
200 pc
)2 {
exp
[
0.55
(
30 K
T
)]
−1
}
,
(2)
where M0.87mm is the total (dust + gas) mass at 0.87 mm and
F0.87mm is the flux at 0.87 mm.
For the gas mass calculation, the intensity of C17O J=3−2 is
integrated over a velocity range of 20 km s−1, obtaining a value
of 5.31 ± 0.01 Jy km s−1 for Sν times the velocity interval (d3),
for emission above 5σ. Assuming a Boltzmann distribution with
temperature T, the total column density of C17O, Ntotal(C17O), is
Ntotal(C17O) =
4piS vd3
ΩA32hc
Q(T ) exp
(
E3
kBT
)
, (3)
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where Ω is the beam solid angle, A32 the Einstein coefficient for
the transition J=3−2, h the Plank constant, c the light speed,
Q(T) the partition function and E3/kB the upper level energy. Fi-
nally, the gas mass (Mgas) is
Mgas = Ntotal(C17O)
[
CO
C17O
] [
H2
CO
]
2.8mHA, (4)
where [CO/C17O] and [H2/CO] are relative abundances, 2.8 mH
is the mean molecular weight (Kauffmann et al. 2008), mH the
hydrogen mass andA the beam area. By assuming a C17O abun-
dance with respect to CO of 4.5 × 10−4 (Penzias 1981) and a CO
abundance with respect to H2 of 2.7 × 10−4 (Lacy et al. 1994),
gas masses are found for different temperatures.
Figure 11 shows the dust mass, gas mass, and CO abun-
dances with respect to H2 for different temperatures. The dust
and gas masses are calculated using Eqs. 2 and 4, respectively,
while the CO abundances are calculated by isolating [CO/H2]
from Eq. 4 and assuming a gas-to-dust ratio of 100. The CO
abundances are specifically inferred to test if a significant frac-
tion of this molecule is frozen out in the cold midplane of the
circumbinary disk, as would normally be expected. For compar-
ison, the purple line shows the typical value of 2.7 × 10−4 for
the abundance of CO with respect to H2. Dust and gas masses
increase as the temperature decreases, following an exponential
behaviour, while a raise in the CO abundance is observed for
higher temperatures. For a typical dust temperature of 30 K, a
value of 1.1 × 10−2 M is obtained for the total mass and, by
taking a gas-to-dust ratio of 100, a dust mass of 1.1 × 10−4 M is
derived. We note that for all of the temperatures used in the cal-
culations, CO abundances are comparable to the canonical value
of 2.7 × 10−4.
4.3. Fits and abundances
Towards the position of source B and source A, the central com-
ponents from C17O and H13CO+ show a slightly blue-shifted
emission in the case of source B and a red-shifted emission for
source A (Fig. 4a, b, d and e). This shift between both sources
can be related to their proper motion, relative to the geomet-
ric centre. In order to obtain an accurate value of this shift, the
central component of the spectra of both species is fitted with a
Gaussian and the values are listed in Table 4. By comparing the
velocity centroid for the same species, a difference of ∼1 km s−1
is seen between the sources. Apart form C17O and H13CO+, SO2
also shows emission towards source B and its emission is com-
pact. The spectrum of SO2 does not show a central component
but presents blue- and red-shifted emission, thus, a two com-
ponent Gaussian fit was employed. The blue component is more
intense than the red one (20 vs. 9 mJy beam−1), however, the red-
shifted emission presents a broader component (12 vs. 5 km s−1).
The statistical equilibrium radiative transfer code (RADEX;
van der Tak et al. 2007) is used to estimate the optical depth (τ)
and column densities of C17O, H13CO+, and SO2, towards the
position of source B. An upper limit for the CH3OH column den-
sity is also determined by taking an intensity of 10 mJy beam−1
(1σ) and a FWHM of 2.4 km −1 (same value as the FWHM of the
central component of C17O; Table 4). The calculated values for τ
and column density are listed in Table 5, and are obtained by as-
suming a H2 number density of 1 × 107 cm−3 (collision partner),
two kinetic temperatures (Tkin) of 30 and 100 K, and a broad-
ening parameter (b) corresponding to the FWHM value of each
transition (see Table 4). The chosen value for the H2 number
density is related to the average value for the critical densities of
the observed transitions (see Table 1). If we change the H2 den-
sity by a factor of 10, the C17O column density remains constant
since its level populations are thermalized (the critical density
for this transition is 3.5 × 104 cm−3; see Table 1). In the case
of H13CO+, its abundance remains constant for an increasing H2
density but may increase by a factor of 3 for a decreasing den-
sity (depending on the kinetic temperature). On the other hand,
the SO2 column density varies from 5 × 1015 to 1 × 1018 cm−2
for an increasing density. Thus, the abundances presented in Ta-
ble 5 are lower limits for H13CO+ and approximate values for
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Fig. 7. Contour maps for H13CO+, C34S, both C2H doublets and both c−C3H2 transitions, starting at 5σ and following a step of 4σ (σH13CO+ and
σC34S are 6 mJy beam−1 km s−1, while σC2H and σc−C3H2 are 9 mJy beam
−1 km s−1). Green contours represent low-velocity emission, from −1 to
1 km s−1. Blue and red contours indicate intermediate velocities, from −1 to −5 km s−1 and from 1 to 5 km s−1, respectively. The black contours
represent the continuum emission of Fig. 1 for a value of 4 and 15σ (σ = 0.4mJy beam−1). The yellow and white stars indicate the position of
Oph-IRS67A and B, respectively. The black diamond denotes the location of the high-density region. The synthesised beam for each species is
represented by a black filled ellipse.
Table 4. Gaussian fit values over the position of Oph-IRS67 A and B.
Transition Source Component Intensity Centre FWHM
[mJy beam−1] [km s−1] [km s−1]
C17O J=3−2 Oph-IRS67B Central 63 ± 5 -0.6 ± 0.1 2.4 ± 0.3
Oph-IRS67A Central 90 ± 20 0.3 ± 0.2 1.4 ± 0.4
H13CO+ J=4−3 Oph-IRS67B Central 120 ± 10 -0.9 ± 0.1 1.3 ± 0.1
Oph-IRS67A Central 160 ± 20 0.2 ± 0.1 1.1 ± 0.2
SO2 184,14−183,15 Oph-IRS67B Blue 20 ± 4 -5.8 ± 0.4 5 ± 1
Red 9 ± 2 4 ± 2 12 ± 5
CH3OH 7−1,7−6−1,6 E (a) — — < 11 b — 2.4 c
Notes. Reported uncertainties are all 1σ. (a) Expected brightest transition at 100 K. (b) Value of 1σ. (c) Same value as C17O.
SO2. The kinetic temperature of 30 K represents the lower limit
for a rich molecular layer of the disk, warm enough that most
molecules are in the gas phase, and that the chemistry is dom-
inated by ion-neutral reactions (Henning & Semenov 2013). In
addition, the kinetic temperature of 100 K represents the inner
regions around the source, where a hot corino chemistry is ex-
pected. The optical thickness of C17O and H13CO+ are close to
1 for a gas temperature of 30 K. For warmer gas (100 K), C17O,
H13CO+ , and CH3OH emission are optically thin (τ < 1), while
SO2 shows optically thick emission (τ > 1). In the case of SO2, a
value of ∼16 K is obtained for the calculated excitation tempera-
ture (Tex) of the model, suggesting that the line is sub-thermally
excited.
The calculated relative abundances of HCO+, SO2 , and
CH3OH with respect to CO are shown in Table 6, employing
standard isotope ratios (Wilson 1999). The obtained values are
compared with abundance ratios observed for the prototypical
Class 0 source, IRAS 16293-2422, taken from Schöier et al.
(2002). IRAS 16293-2422 is deeply embedded (Menv ∼ 4 M;
Jacobsen et al. 2017) and more luminous (L = 21 ± 5 L; Jør-
gensen et al. 2016) than IRS 67, but it was chosen for the com-
parison since molecules such as CH3OH and SO2 were detected
towards the system. Schöier et al. (2002) calculated molecu-
lar abundances for two different scenarios: (i) using a constant
molecular abundance relative to H2, and (ii) applying a jump in
the fractional abundance at a temperature of 90 K. For scenario
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Fig. 8. Contour maps for SO2 184,14−183,15 for two ranges of velocities.
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(ii), they present the abundances for the inner, dense, hot part of
the envelope (T > 90 K), and for the cooler, less dense, outer
part of the envelope (T < 90 K). Comparing our relative abun-
dances with those from Schöier et al. (2002), the [HCO+]/[CO]
abundance ratio agrees with a model with constant molecular
abundance, the [SO2]/[CO] abundance ratio is consistent with
a relative abundance in the hot part of the envelope for a jump
model, and the upper limit for the [CH3OH]/[CO] abundance ra-
tio is, at least, two orders of magnitude smaller than the obtained
values for each model.
5. Discussion
5.1. Structure of Oph-IRS67
The continuum emission (Fig. 1) shows the binary system, sep-
arated by 0′′.71 ± 0′′.01 (107 ± 2 AU), previously detected by
McClure et al. (2010) at infrared wavelengths. They estimated a
separation of 0.6′′ (∼ 90 AU) between the two sources and found
that Oph-IRS67A (L1689S-A) is brighter than Oph-IRS67B
(L1689S-B), while the opposite situation is observed in the sub-
millimetre regime. The contrast between the sources at different
wavelengths could be due to, (i) different evolutionary stages, i.e.
Oph-IRS67A is more evolved than Oph-IRS67B, (ii) different
dust grain sizes, (iii) different orientation of possible circumstel-
lar disks, where the one associated with source A may be more
face-on and the one related to source B more edge-on, (iv) dif-
ferent temperatures if the sources present distinct masses or one
of them displays ongoing accretion bursts or, (v) the two sources
lie differently in the circumbinary disk, where source B is more
obscured than source A.
Since close binaries are expected to be coeval systems, op-
tions (i) and (ii) are less likely. Option (iii) is supported by SO2
and C17O emission, where both species show compact morphol-
ogy around source B at high velocities. Such behaviour would be
expected for an edge-on circumstellar disk, however this emis-
sion can also be related to accretion shocks (Podio et al. 2015).
On the other hand, source A is associated with C17O emission
at low velocities but no SO2 emission is observed towards this
source. This supports the scenario where a possible circumstel-
lar disk associated with source A is more face-on, where the shift
in velocities is not as perceptible as in the edge-on case. Al-
though a perpendicular misalignment between the two sources
is statistically unlikely (∼ 2%; Murillo et al. 2016), this sce-
nario will be consistent with source A being brighter than source
B at infrared wavelengths, where the warm dust in the line of
sight is not obscured by the cold dust. Option (iv) is plausible if
the sources have different masses, however if one of the sources
presents higher temperatures due to accretion bursts, we would
expect to detect gas-phase CH3OH around it. The arrangement
proposed in option (v) agrees with the scenario suggested for
IRS 43 (Brinch et al. 2016), where one of the sources lies behind
the circumbinary disk and, therefore, is more obscured by the
material along the line of sight. In the case of IRS 43, the two
continuum sources have the same mass but differ in intensity by
a factor of 5−10. For Oph-IRS67 AB, the intensity of the two
sources differs by a factor of 5, however there are no constraints
on the individual masses.
The velocity difference between the two sources seen in
C17O and H13CO+ (Fig. 4 and Table 4) is more consistent with
emission arising from different regions than radial motion of
both sources. If C17O and H13CO+ trace radial motions, a bet-
ter correlation between the parameters of their Gaussian fits is
expected. This does not exclude that both sources are rotating
around the centre of mass: indeed, such rotation is expected, but
proper motion measurements are necessary to support this inter-
pretation (see, e.g. Brinch et al. 2016).
At first glance, the weaker emission associated with the disk-
like structure could be thought to be associated with a circumbi-
nary disk, an inner infalling envelope or an outflow. However,
the latter is ruled out since the system is already associated with
an outflow perpendicular to the disk-like structure (Bontemps
et al. 1996). On the other hand, neither the Keplerian nor the in-
falling fit can be ruled out from the PV diagrams of C17O and
H13CO+. A combination of both fits is more consistent with the
data, where the large-scale structure is dominated by infalling
motion and gas from inner regions follows a Keplerian profile
(e.g. Harsono et al. 2014). The presence of low-velocity points
that seem to follow a linear distribution is expected for a Kep-
lerian disk with finite radius. In addition, the lack of infalling
signatures towards the perpendicular direction at small scales,
agrees with the existence of a circumbinary disk associated with
Keplerian motion around a central mass of 2.2 ± 0.2 M. As-
suming that the major axes of the deconvolved continuum size
represents the circumbinary disk diameter, its value of 620 AU
is three times larger than the typical size of circumstellar disks
around Class I sources, which is about 200 AU (Harsono et al.
2014). However, other detected circumbinary disks around Class
I sources, such as IRS 43 (Brinch et al. 2016) and L1551 NE
(Takakuwa et al. 2017), show comparable sizes to that of Oph-
IRS67 (diameters of ∼ 650 and ∼ 600 AU for IRS 43 and L1551
NE, respectively).
Given the low mass of the ambient core estimated from
larger-scale SCUBA maps (0.08 M; Jørgensen et al. 2008),
the two protostars can only accrete a small amount of addi-
tional material from here on. Assuming that both sources have
similar masses, each of them would have a final mass of about
1 M, which is consistent with the total luminosity of the system
(4.0 L; Evans et al. 2009).
The high-density region is enhanced in c−C3H2 and lies be-
yond the extension of the circumbinary disk; it stands out in
intermediate blue-shifted velocities and there is a lack of red-
shifted counterpart. This region also shows bright C2H emis-
sion, but since this molecule also traces material from the vicin-
ity of the protostars and is associated with red-shifted emission,
its chemistry is not exclusively associated with the high-density
region. The mentioned region could be related to, (i) a centrifu-
gal barrier (a transition zone within the disk where the kinetic
energy of the infalling gas is converted into rotational energy;
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Fig. 9. Position-velocity diagrams for C17O and H13CO+ towards the disk-like structure direction (PA = 234◦) and centred at the position of the
geometric centre. Green and magenta dots represent low- (< 1.7 km s−1) and high-velocity (> 1.7 km s−1) emission peaks, respectively. Blue solid
and dashed lines show the best fit for a Keplerian and an infalling velocity profile, respectively. The cut taken from the image data is shown in grey
contours, ranging from 3σ (1σ = 10 mJy beam−1) to the maximum value of each transition. Each adjacent contour represents an increment of the
20% of the maximum value.
Table 5. Retrieved parameters from RADEX by assuming a kinetic temperature (Tkin) and a broadening parameter (b), for Oph-IRS67 B.
Transition Component Tkin b τ N(X)
[K] [km s−1] [cm−2]
C17O J=3−2 Central 30 2.4 0.76 2.0 × 1016
100 2.4 0.14 2.3 × 1016
H13CO+ J=4−3 Central 30 1.3 1.02 ≥ 1.3 × 1013
100 1.3 0.14 ≥ 8.3 × 1012
SO2 184,14−183,15 Blue 100 5 1.97 ∼ 2.0 × 1017
Red 100 12 2.04 ∼ 4.9 × 1017
CH3OH 7−1,7−6−1,6 E — 100 2.4 0.02 < 1.6 × 1014
Notes. Reported values are for a fixed H2 density of 1 × 107 cm−3.
Table 6. Comparison between calculated relative abundances with respect to CO for Oph-IRS67 B and values taken from Schöier et al. (2002) for
the Class 0 protostar IRAS 16293-2422.
Species This work Schöier et al. (2002)
Constant abundance a Jump (T > 90 K) b Jump (T < 90 K) c
HCO+ d [4.8 × 10−6 − 2.2 × 10−5] e 3.9 × 10−5 — —
SO2 [4.3 × 10−3 − 1.1 × 10−2] f 1.7 × 10−5 2.8 × 10−3 1.3 × 10−5
CH3OH < 3.5 × 10−6 4.8 × 10−5 2.8 × 10−3 9.8 × 10−6
Notes. (a) Value using a constant molecular abundance relative to H2. (b) Value using a jump in the fractional abundance and obtained for the hot
part of the envelope (T > 90 K). (c) Value using a jump in the fractional abundance and obtained for the cooler part of the envelope (T < 90 K).
Highlighted values are closer to our calculations. (d) Assuming standard isotope ratios for C17O (16O/17O = 2005) and H13CO+ (12C/13C = 69) from
Wilson (1999). (e) For a range of temperatures, between 30 and 100 K. ( f ) For blue and red components.
Sakai et al. 2014), (ii) a region from the outflow cavity that is
being irradiated by the sources, (iii) spiral-arm features formed
by gravitational torques from the binary system or, (iv) ambient
gas cloud or envelope that is infalling into the disk.
Option (i) was proposed by Sakai et al. (2014), where they
observe a drastic change in the chemistry (between c−C3H2 and
SO) and argue that c−C3H2 follows an infalling motion, while
SO shows a Keplerian profile. Therefore, the centrifugal barrier
will be located in the discontinuous region between both molec-
ular emission. In our case, a spatial difference is seen between
C17O and c−C3H2, however there is no evidence of a discontinu-
ous change in the motion of the gas. The infalling fit for c−C3H2
is associated with a central mass that is not consistent with the
value obtained from the Keplerian fit of C17O, thus a centrifu-
gal barrier cannot explain the presence of the high-density re-
gion in Oph-IRS67. Option (ii) was proposed by Murillo et al.
(2017) for the Class 0 source VLA 1623. They observed a cor-
relation between c−C3H2 and C2H in a region located ∼300 AU
from the source, and interpret that this emission is arising from
the outflow cavity, where material is being irradiated by the star.
Oph-IRS67 is associated with a large-scale outflow (Bontemps
et al. 1996) and it has been shown that the outflow opening angle
widens with time (Arce & Sargent 2006). If the high-density re-
gion is related to the outflow cavity, an opening angle of ∼ 60◦ is
needed for the radiation of the two stars to reach the region where
c−C3H2 and C2H are abundant. However, there is no evidence
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Fig. 10. Position-velocity diagram for c−C3H2 55,0−44,1 towards the
disk-like structure direction (PA = 234◦) and centred at the position
of the geometric centre. The magenta dots represent high-velocity (>
1.7 km s−1) emission peaks. Blue solid and dashed lines show the best
fit for a Keplerian and an infalling velocity profile, respectively, while
the red dashed line represents an infalling profile for a central mass of
2.2 M. The cut taken from the image data is shown in grey contours,
ranging from 3σ (1σ = 10 mJy beam−1) to the maximum value. Each
adjacent contour represents an increment of the 20% of the maximum
value.
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Fig. 11. Dust mass, gas mass, and values of CO abundances, for differ-
ent temperatures and taken for the entire system (both sources and the
circumbinary disk). The CO abundances are calculated by assuming a
gas-to-dust ratio of 100. For gas masses (blue squares), the uncertainties
are ∼0.3 % of the value and are imperceptible on the plot. The purple
horizontal line shows the value of 2.7 × 10−4 for the abundance of CO
with respect to H2.
for red-shifted emission associated with c−C3H2 and a symmet-
ric blue-shifted counterpart on the other side of the postulated
outflow cavity. Option (iii) was observed for the protobinary sys-
tem L1551 NE (Takakuwa et al. 2017), where velocity gradi-
ents suggest the presence of expanding gas motions in the arms.
This was observed in C18O emission and the velocity gradient
was found between blue- and red-shifted emission from trans-
verse directions with respect to the circumbinary disk. For IRS
67, the search for a velocity gradient will be incomplete with-
out the red-shifted counterpart, however, this possibility cannot
be ruled out. Finally, option (iv) was predicted by circumstellar
disk formation simulations (e.g. Harsono et al. 2015b): Shocks
are generated when the infalling material from the ambient gas
or envelope reaches the disk, and may induce the enhancement
of some species, such as c−C3H2 and C2H in the case of IRS
67. The presence of a red-shifted counterpart is expected for this
scenario, however, the red-shifted emission may be obscured by
the circumbinary disk material. Further modeling efforts and ob-
servations of multiple species would be required to clarify the
nature of the high-density region.
C17O and SO2 show compact and high-velocity emission
only around source B. This emission arises from a region with a
diameter of ∼60 AU and could be related to a circumstellar disk
or to accretion shocks. If circumstellar disks are present around
the sources, they are unresolved in our data and observations
with better resolution are necessary. Resolving possible circum-
stellar disks will be necessary to evaluate whether or not they are
perpendicularly misaligned and to estimate individual masses.
5.2. Methanol abundances
The rest frequencies of methanol transitions Jk=7k−6k are cov-
ered by one of the spectral windows (see Table 1) but not de-
tected. The lack of emission indicates an absence of methanol
in the gas phase, or a low abundance with respect to H2 ( <
10−10−10−9; see Table 6). The stringent upper limit is similar
to what was found towards R CrA IRS7B in ALMA Cycle 0 ob-
servations by Lindberg et al. (2014), where they found relatively
low CH3OH abundances ( < 10−10−10−8) compared to what is
seen in the innermost T > 90−100 K regions of some Class 0
sources, where the abundances are 10−8−10−7 (Jørgensen et al.
2005a). Lindberg et al. (2014) suggest either that methanol for-
mation is suppressed by the high temperature in the cloud, pre-
venting significant CO to freeze-out, or the presence of an ex-
tended circumstellar disk. The extended disk would dominate
the mass budget in the innermost regions (. 100 AU) of the pro-
tostellar envelope and generate a flattened density profile, that is,
n ∝ r−1.5 for r & 100 AU and n = constant for r . 100 AU (Lind-
berg et al. 2014). For a flat profile, a lower column density of ma-
terial with high temperatures is expected. Since CH3OH desorbs
from dust grains at a temperature of ∼100 K, less material at high
temperatures would imply a lower column density for gas-phase
CH3OH. Therefore, the flattened profile associated with the disk
evolution would explain the low methanol column density seen
toward circumstellar disks around Class I sources (e.g. Lindberg
et al. 2014). These observations thus point to a scenario in which
gas-phase methanol column densities are low in the Class I stage,
as opposed to the younger Class 0 stage where methanol is often
present and detected (e.g. Jørgensen et al. 2005b; Maret et al.
2005; Kristensen et al. 2010).
5.3. Disk mass and temperature structure
Independent from temperature, the CO abundance is found to
be comparable with the canonical value of 2.7 × 10−4. This im-
plies that freeze-out of C17O onto dust grains in the disk mid-
plane or conversion of CO into other species (e.g. Anderl et al.
2016) is not significant, assuming thin dust and C17O emission.
Figure 1 shows that the continuum emission arises mainly from
source B and presents a minor contribution from source A and
the circumbinary disk. On the other hand, the gas emission from
C17O (Fig. 2a) stands out toward source B and has an important
contribution from the circumbinary disk, adding more surface
area with significant contribution to the total gas mass. A simi-
lar case was seen for the proto-binary system IRS 43 (Brinch &
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Jørgensen 2013), where HCO+ shows strong lines and extended
emission while the continuum is relatively weak and compact.
They also studied the case of IRS 63 that shows a brighter con-
tinuum and weak HCO+ emission, the opposite situation to IRS
43. The disk associated to IRS 63 is more massive than that of
IRS 43 (0.053 vs. 0.0081 M; Jørgensen et al. 2009) and could
explain the difference seen in HCO+. The more massive the disk,
the stronger the shielding would be, and thus, the colder the mid-
plane where molecules can effectively freeze-out. Oph-IRS67
and IRS 43 may present the same situation, where the disk mass
is not enough to provide an efficient shielding and C17O (for the
case of Oph-IRS67) is hardly affected by freeze-out. This means
that most of the C17O is in the gas phase and a significant fraction
of the disk has temperatures ≥ 30 K (temperature at which CO
sublimates from dust grains). In addition to the radiation field of
both sources, the presence of an envelope can be regarded as an
extra heating source, where the envelope serves as a blanket and
the circumbinary disk remains warm (e.g. Harsono et al. 2015a).
From C17O emission and lack of methanol emission, a range
of temperatures between 30 and 100 K is suggested for the cir-
cumbinary disk gas content. This is a wide range, however other
molecular transitions with sublimation temperatures between 30
and 100 K are needed in order to constrain the temperature pro-
file. In particular, the detection of formaldehyde (H2CO) towards
IRS 67 (Lindberg et al. 2017) agrees with this range of temper-
atures, since H2CO can be formed in the gas-phase or via grain
surface chemistry. In the gas phase, CO reacts with H2 to form
H2CO, and temperatures above 30 K are needed in order to pre-
vent CO freeze-out, while a temperature of ∼50 K is required for
H2CO to sublimate from the grain mantles.
6. Summary
This work presents high-angular-resolution (0′′.4, ∼60 AU)
ALMA observations of the proto-binary system Oph-IRS67AB
and its associated circumbinary disk. The continuum emission is
analysed, together with molecular species such as C17O, C34S,
H13CO+, SO2, C2H, c−C3H2 and CH3OH. The main results of
this paper are provided below.
The flattened structure seen in the continuum proves the exis-
tence of a circumbinary disk around sources A and B, for which
a diameter of ∼620 AU is estimated, assuming an inclination of
∼80◦. The kinematic analysis supports a scenario where a Keple-
rian profile is associated with the gas motion of the circumbinary
disk around a 2.2 M central mass, however other velocity pro-
files cannot be ruled out from this analysis.
The contrast between sources A and B at different wave-
lengths is more likely to be a consequence of different temper-
atures between both sources or the position of the two sources
within the circumbinary disk.
The high-density region shows strong emission from carbon
chain molecules (C2H and c−C3H2) and may be related to the
inner envelope material (i.e. outflow cavity, spiral-arm structures
or infalling material from the envelope to the circumbinary disk).
The SO2 transition is optically thick (τ ≈ 2), shows compact
emission, and is detected only around source B. The emission
arises from a region of ∼60 AU in diameter, which is comparable
with the beam size (∼45 AU × 60 AU). The width of the line
(∼20 km s−1) may be related with the presence of an edge-on
circumstellar disk or with accretion shocks. The absence of SO2
emission towards source A is an intriguing fact and observations
with better resolution are needed.
The lack of methanol emission suggests an upper limit be-
tween 10−10 and 10−9 for the abundance of CH3OH. This can be
explained by the presence of the disk, where the bulk of the ma-
terial is dominated by the flattened structure in the inner regions
and less material is subjected to high temperatures (∼100 K),
preventing CH3OH sublimation from dust grains.
For different temperatures, calculated CO abundances are
comparable to the canonical value of 2.7 × 10−4, suggesting
a non-effective shielding of the dust and, thus, no significant
freeze-out of CO in the midplane. Considering that CO subli-
mates from dust grains at ∼30 K, and the lack of methanol de-
tection, a temperature between 30 and 100 K characterises the
bulk of the circumbinary disk.
The main conclusions of this work are the detection of the
circumbinary disk and the clear difference seen by the chem-
istry between the high-density region and the circumbinary disk,
where different physical processes are taking place in each of
them. The high-angular-resolution observations make it possible
to distinguish and differentiate the two regions. Future observa-
tion of other molecules and more transition from c−C3H2 will
provide more information about the high-density region, while
higher-angular-resolution observations are needed in order to re-
solve the cimcumstellar disks around each source and explain the
chemical differences seen between them. Finally, Oph-IRS67AB
is an ideal candidate for proper motion studies and planet forma-
tion, not only around circumstellar disks, but also around cir-
cumbinary disks.
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Appendix A: Channel maps of individual molecular
transitions
For a more detailed inspection, channel maps for C17O, H13CO+,
C34S, the doublet C2H N=4−3, J=9/2−7/2 and c−C3H2 55,0−44,1
are shown in Figs. A.1, A.2 and A.3. The main differences be-
tween these channel maps and Figs. 2 and 3 are, (i) the C17O
emission appears more extended than the continuum emission
around ± 2 km s−1, (ii) C17O and H13CO+ have significant emis-
sion around sources A and B for low velocities (between -1 and
1 km s−1) and, (iii) there is no C2H emission at the positions of
either sources.
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Fig. A.1. Velocity channel maps for C17O J=3−2 (contours), superposed on the 0.87 mm continuum image (grey-scale; Fig. 1). The highlighted
panel with green contours represents the systemic velocity of 4.2 km s−1. Blue and red contours indicate blue- and red-shifted emission with
respect to the systemic velocity, respectively. In each panel, the contours start at 4σ (σ = 10 mJy beam−1 per channel), following a step of 3σ,
and the mean velocity of each channel is also presented in units of km s−1. The yellow and white stars show the positions of Oph-IRS67A and B,
respectively. The grey diamond denotes the location of the high-density region.
Article number, page 17 of 19
A&A proofs: manuscript no. IRS67
-42
-44
-46
-4.2 -4.1 -4.0 -3.9 -3.7 -3.6 -3.5 -3.4
-42
-44
-46
-3.3 -3.2 -3.1 -3.0 -2.9 -2.8 -2.7 -2.6
-42
-44
-46
-2.5 -2.4 -2.3 -2.2 -2.1 -2.0 -1.8 -1.7
-42
-44
-46
-1.6 -1.5 -1.4 -1.3 -1.2 -1.1 -1.0 -0.9
-42
-44
-46
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1
-42
-44
-46
δ 
[J
20
0
0]
-0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
-42
-44
-46
0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
-42
-44
-46
1.6 1.7 1.8 2.0 2.1 2.2 2.3 2.4
-42
-44
-46
2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.2
1.1s 1.0s 0.9s 0.8s
-42
-44
-46
3.3
1.1s 1.0s 0.9s 0.8s
3.4
1.1s 1.0s 0.9s 0.8s
3.5
1.1s 1.0s 0.9s 0.8s
3.6
1.1s 1.0s 0.9s 0.8s
α [J2000]
3.7
1.1s 1.0s 0.9s 0.8s
3.9
1.1s 1.0s 0.9s 0.8s
4.0
1.1s 1.0s 0.9s 0.8s
4.1
Fig. A.2. As in Fig. A.1 but for H13CO+ J=4−3, where contours start at 4σ and follow a step of 4σ.
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Fig. A.3. As in Fig. A.1 but for C34S J=7−6 (upper frame), the doublet C2H N=4−3, J=9/2−7/2 (central frame) and c−C3H2 55,0−44,1 (lower
frame).
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